Abstract: Analysis of a 1.5 m thick sediment sequence from Midge Lake, Byers Peninsula, Livingston Island, shows that the lake and its catchment have undergone significant changes during the last 4000 years. Radiocarbon dating (AMS), sediment lithology, and microfossil analyses indicate that the lake was deglaciated over 4000 14C years ago. Distinct peaks in accumulation rates of sediment, Pediustrum algae, pollen and spores, as well as changes in the diatom assemblage, suggest significant environmental changes between ca 3200 and 2700 y BP. These changes are interpreted as reflecting a milder and more humid, maritime climate. The increased humidity can explain independent observations of glacier growth during this period. The combined data also indicate that between ca 1500 and 500 y BP the area might have experienced morecontinental conditions with slightly colder and drier climate than today. Since the 14C dates from the Midge Lake sediments are regarded as reliable and the sediment sequence is rich in tephra layers this sediment sequence will be critical for a forthcoming tephra chronology of the region.
Introduction
Study of lake sediment sequences has so far been a rather neglected approach for trying to understand the climatic and environmental history of Antarctica. This paucity of information from lake sediments was one of the main reasons why Swedish Quaternary scientists, during the 1987-88 RV Polarstern and the 1988189 SWEDARP expeditions concentrated much of their field work on sampling suitable lake sediment sequences around the Antarctic Peninsula (Zale & Karl6n 1989) . Apart from a few other works by Tatur&delValle(1986), Mausbacheret al. (1989) ,Matthies et al. (1990) , on lakes from King George Island and Lake Boeckella, Hope Bay, hardly anything has been done on lake cores from the Antarctic Peninsula region.
Lake sediments not only function as archives of a lake's history, but usually also record valuable information about the surrounding terrestrial environment history. To try to reconstruct the history of Livingston Island's largest lake, Midge Lake, and its surroundings, the following analyses were carried out: sediment classification, loss on ignition and 14C analyses, pollen-, spore-, and diatom analyses. The study should, however, be regarded more as a pilot study to gain experience about how conventional lake sediment analyses can be used in Antarctica.
Area of investigation

Geography, topography and climate
Livingston Island is the second largest of the South Shetland Islands. It is situated approximately 150 km west-northwest of the northernmost tip of the Antarctic Peninsula (Fig. 1) . Most of the island is covered by glaciers except the westernmost part (Byers Peninsula), which is the largest icefree area in the South Shetland Islands. The peninsula is bordered to the east by Rotch Ice Dome, which reaches a height of approximately 360 m. Apart from the northwestern part of the peninsula, which reaches 268 m above sea level, few areas reach altitudes higher than 100 m except for some residual hills (usually volcanic plugs). The highest of these, Chester Cone, forms a prominent feature in the central part of the peninsula 193 m high. The inland part of the peninsula is formed by a regular undissected platform, covering about 40 km2 and between 85 and 100 m high, the 'central platform' (John & Sugden 1971) . On the coastward margins of that platform is a28-50 rn platform, which slopes gently seawards, and beyond that follow the 1 1-17 m and the sea level platforms.
High mountains of the Antarctic Peninsula, separating the Bellingshausen Sea from the Weddell Sea, form an extremely efficient climatic divide. On the western side the climate is maritime whereas on the east it is continental. According to Orvig (1970) the multi-annual average temperature is 44°C location of Byers Peninsula, westernmost Livingston Island.
higher in the west than in the east. No long series of climatic data exist for Livingston Island, but climatic tables for a station at 8 m above sea level on Deception Island (Orvig 1970) should be a good guide to the climate on Byers Peninsula 40 km to the north. The warmest month between 1947 and 1967 was January with a daily mean temperature of +1.4OC while the coldest month was July with a daily mean of -8°C. Annual precipitation between 1948 and 1956 was 398 mm with the highest precipitation rates in February and October (52 and 46 mm, respectively). Although the temperature values are comparable within the region, the precipitation rates may vary considerably. For example the annual precipitation at Melchior, ca 200 km south-southwest of Byers Peninsula, was measured as 1189 mm (1947) (1948) (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) and similar values have been measured at Anvers Island and Almirante Brown 50 km farther to the south-south-west (Orvig 1970) . The geography of the area creates great meteorological anomalies over short distances. In general the climate is cool with a rather small seasonal variation in temperature, rather humid (90%) and windy (mainly from west-south-west).
The lake investigated in this study, Midge Lake, is the largest (200 x 700 m) of the many lakes on Byers Peninsula (Fig. 2) . It is situated 500 m north-west of Chester Cone and 3 km east-north-east of Laager Point, President Beaches. The lake is surrounded by arather steep shore up to 20 m high consisting of boulders, pebbles and gravel underlain by a diamicton. This steep slope continues out into the lake down to 8-9 m, where the bottom surface becomes flat. All cores penetrated approximately the same thickness of sediment. The lake level was estimated to be about 70 m above sea level. Midge Lake does not have any inlet but is fed in summer by precipitation, melting snow, and the thawed, watersoaked ground. There is an outlet in the north-westem comer. The mossDrepanocladusaduncusgrows abundantly on the bottom of the lake, but only a few plants (mainly Usnea lichens) were observed around the l a k shore.
Vegetation
Although Byers Peninsula is almost unvegetated, especially inland, at least from an Antarctic point of view the vegetation is relatively rich along the more low-lying coastal areas, especially on South Beaches andPresident Beaches (Fig. 2 ).
There the vegetation is favoured by a more advantageous local climate and also by nutrient supplies from marine mammals as well as birds. The two flowering plants of Antarctica Clapperton & Sugden (1980) the South Shetland Island glaciers are as extensive today as they were 9500 y BP. However, according to Barsch & Mausbacher (1986) these islands were completely ice-covered until about 6OOO y BP. They also thought that deglaciation was completed within 1000 years. According to their data there were also two ice advances at ca 3000 and ca lo00 y BP, whereas Clapperton & Sugden (1980) found evidence of an ice advance at 500-700 y BP. Birkenmajer et al. (1985) studied a moss-sand-peat-sand sequence at Admiralty Bay on King George Island and dated the peat at about 5000 y BP. They concluded that vegetation began to develop between the sea and the receding ice cap at that time as a result of a restricted deglaciation in maritime West Antarctica. The mass occurrence of moss sporogones in the peat was interpreted as an indication of a slightly milder climate than exists today. They also found pollen of the vascular plants Deschampsia antarctica, Colobanthus quitensis, and Nothofagus sp.
Radiocarbon dating of lake sediment cores from Fildes Peninsula, King George Island, led Tatur dz del Valle (1986 Valle ( , 1989 to conclude that the area was deglaciated, and lake sedimentation began sometime between 6000 and 7000 y BP. They also found several tephra layers and the sedimentation of the thickest layer occurred sometime between 3800 and 5200 y BP with at least three layers preceding that eruption and five layers above.
Probably the most extensive lake sediment study from West Antarctica so far is that by Mausbacher et al. (1989) .
They studied cores from three different lakes on Fildes Peninsula, King George Island, along a deglaciation transect.
According to "C dates of the bottom sediments the deglaciation from the southernmost coast of King George Island to Collins Ice Cap (a distance of 7-8 km) occurred between 9000 and 5000 y BP. They also suggested that the most likely Holocene marine limit level is much closer to 18 m than 45 m as had been suggested by John (1972) and Birkenmajer (1981) . However, 14C dates on lake sediments in this region usually seem unreliable (Bjorck et al. 1990 , Matthies et al. 1990 ). Therefore we think that the bottom dates in Kiteschsee and Jurasee (Mausbacher et al. 1989) should be interpreted with more caution.
There is so far little consistency in the rather scattered terrestrial Holocene palaeoclimatic records. This is partly due to the fact that the chronology is often poorly known and that the number of studies is small in relation to the size of the region.
The main aim of the present study is to combine high quality dating with traditional palaeoecological and palaeolimnological methods in order to test these in an environment very different from the environments where they usually have been successful.
Methods
Field work
The first Midge Lake coring was carried out from the lake ice during the 1987/88 RV Polarstern expedition. During the 1988/89 SWEDARP expedition two more cores were taken from an inflatable boat in March 1989. All cores were taken using a90 mm piston corer in the middle of the slightly wider southwestern part of the lake. The water depth at the coring points is 8 m.
Laboratory work
Only the main lithostratigraphic units of the RV Polarstern core were described, including tephra layers. Since the stratigraphy was very uniform, one of the cores collected from the SWEDARF' expedition was used to describe the details of the lithology, while all laboratory analyses were performed on the RV Polarstern core.
In order to determine changes in the amount of organic matter, loss on ignition determinations (dried at 105°C and burnt at 55OOC) were carried out on every cm of the core.
Moss-rich sediments associated with four of the five assumed tephra layers were chosen as suitable levels for 14C dates. Since they were dated by the Tandem Accelerator Unit at The Svedberg Laboratory, Uppsala University, the dates could be performed on pure moss remains. The samples were pretreated with HCl and NaOH. The soluble fraction was precipitated with concentrated HCl and the insoluble fraction was dated. Before the 14C content was determined by the accelerator the dried material was burnt and the resulting CO, was then converted into solid graphite through a Fe-catalytic reaction.
Seventeen levels were sampled for palynological analysis and assessment of Pediasrrum colonies. As most of the Sediments are relatively rich in mineral matter the samples were treated as described by Bjorck et al. (1978) . In order to estimate concentration and accumulation rates, Lycopodium spores were added. One tablet with 12,100 spores was added to 2 cm3 of sediment, with the exception of the 1 and 12 cm levels where only 1 cm3 was sampled. Owing to the relative paucity of pollen grains and spores in the samples there is no the Midge Lake core. The arrows indicate the levels of the visible tephra layers. The left hand column shows the tephras in the RV Polarstern core (P), on which all laboratory analyses, except geomagnetic ones, were canied out. The right hand column shows the position of tephras in the SWEDARP core (S), whose sediments are described in detail in this paper and correlated with the RV Polarstern core. Geomagnetic analyses on the SWEDARP core revealed an invisible tephra layer at 108 cm. The lowermost tephra layer in the two cores, marked (?), is possibly reworked. different spore types have not yet been identified, partly because of poor preservation, partly due to identification problems of nearly identical spores, and partly because of the lack of spore keys and reference collections. Instead diagrams of total concentration and accumulation rates (including the unidentified types) are presented. In a future study from a nearby lake, surrounded by a richer vegetation, it might be possible to present a pollen diagram as well as photographs of the most abundant pollen and spore types. Altogether 18 levels were sampled for diatom analysis. The material was treated as described by HAkansson (1984) ; slides were made using Naphrax. The light micrographs were taken with a Zeiss Photomicroscope IIJ with interferencecontrast at a magnification of x 1000; 200-300 diatoms were analysed in each sample. Species identification is largely based on Hustedt (1927-66) , Krasske (1939) , Bourelley & Manguin (1954) , Le Cohu & Maillard (1983 , LangeBertalot & Krammer (1989) . Information on the ecology of individual species is taken mainly from Beger (1923 ( , Hustedt (1927 , Krasske (1939) , Krammer & Lange-Bertalot (1986 ,1988 , and Lange-Bertalot & Krammer (1989) .
Identification of the many fragments and the hyaline silicified and very small taxa (3-12 pm) was difficult and little is known about the variability of a great number of the taxa observed in this study. Difficulties in distinguishing between a single taxon as in, for example, the Achnanthes delicatula-, A. lanceolata-, and A. minurissima-complex is discussed by Lange-Bertalot & Krammer (1989) . The criterion as to what constitutes a characteristic structure that will differentiate between single taxa is still poorly defined. This, in combination with the possibility of adaption (with morphological alteration?) of a species to different environmental conditions, constitute significant barriers to accurate identifications, especially in Antarctic conditions.
Identifications of new species often occur because the existing species are inadequately described in older literature. The names used in this investigation are in part preliminary as the full taxonomy will be discussed by HAkansson elsewhere.
Furthermore it is known that diatom assemblages cannot always be regarded as direct counterparts of the floral community from which they were derived. Dissolution, breakage, and complications from sediment mixing are among the sources of error (Juse 1966) .
Results with palaeoenvironmental implications
Lithostratigraphy and chronology
The 150 cm thick sediment sequence shows some characteristics that, according to our experience, seem to be typical for lake sediments in this region: they are rich in mosses, they contain layers of tephra, and they are rich in mineral matter. Horizons rich in mosses and tephra layers are well illustrated in Fig. 3 by the high and extremely low loss on ignition values. The matrix of the sediments usually consists of a clay gyttja with variable quantities of moss remains (Table I ). The colour of the sediments varies according to the relative proportion of dark tephra layers.
The moss-rich sediments in Midge Lake are obviously suitable for AMS datings. Experience on 14C dating of lake sediments, mammals, birds, terrestrial and aquatic plants from around the Antarctic Peninsula (Bjorck et al. 1990) indicates that moss-material gives the most reliable ages. For this reason and the fact that the Midge Lake dates (Table  11) give a quite reasonable age/depth curve (Fig. 4) , we regard them as reliable. Lithological considerations indicate that deposition of the bottom sediments do not relate directly to deglaciation, and indicate that deglaciation occurred some time before 4000 y BP. The dates also give us a possibility to date the changes in loss on ignition. Fig. 5 shows large variations and, among several loss on ignition peaks, two periods with higher organic values are distinguished, reaching values of 20%: i) between ca 3250 and 2800 y BP, and ii) between ca 2500 and 1850 y BP.
This indicates that the organic production in the lake was at the highest during these periods. The very low organic values during certain time periods, e.g. at 2700, 1150 and 750 y BP, are usually caused by the presence of tephra.
From the age/depth curve it is also possible to reconstruct the sedimentation changes, ie. how the accumulation rate has changed through time (Fig. 6) . From ca 3800 y BP the accumulation rate increased until it reached a peak at CQ 2900 BP. From then until recent time the accumulation rate has been decreasing. Between ca 3200 and 2750 y BP the preconditions for a high sediment accumulation seem to have been most favourable. We think this was caused by a combination of higher organic productivity (Fig. 5 ) and a significantly higher surface run-off. The former might have been caused by milder summers and/or increased input and release of nutrients. The latter may be a result of increased precipitation with possibly more rapid and extensive snowmelting in the spring, creating higher energy levels and thus larger erosional capability for the surface water. This rather dynamic period was succeeded by a gradual change towards less dynamic conditions in and around the lake (Fig. 6 ). conditions seem to have been more or less unaltered. According to Fig. 5 the least productive period (excluding the first few hundred years) occurred between ca 1300 and 700 y BP, followed by a subsequent amelioration.
Pollen, spore, and Pediastrum stratigraphy
Concentration and accumulation rate diagrams for pollen and spores, and Pediastrum algae are shown in Figs 7 & 8. Among those included in the first group are Nothofagus, Poaceae (Deschampsia antarctica), Colobanthus quitensis, Umbellifereae, Artemisia, Auracaria (angustifolia?), Cryptogramma, Podocarpus nubigensus, and a few Pteridophyta. Some of the pollen grains and spores were undoubtedly transported long distances e.g. from South America, and a few might also have been redeposited from older deposits. The Pediasrrum colonies seem to be dominated by Pediastrum kuwraisky and Pediastrum boryanum var. longicorne, but they have not been separated into two groups since there are still some identification problems.
With the exception of the almost barren tephra horizons the abundance of Pediastrum between ca 3200 and 2700 y BP is the most stnking feature of Figs 7 & 8. The accumulation rates of the pollen and spores are also relatively high during this time, except at the tephra horizons. This indicates that both the lake itself and its surroundings experienced an environment that was more favourable for plant growth than both before or after. The most likely explanation is that summer climate was milder and possibly also more humid. The latter would not only have increased the nutrient supply and sediment accumulation rate in the lake but also increased the possibilities for plants to colonise larger areas. It is also interesting to note that of the total 17 Nothofagus pollen grains found, nine of them were found during this short interval. This suggests that warmer air-masses from southern South America (where Nothofagus is common) could more easily penetrate as far as the Peninsula region. The ca 500 y long period described above seems to have been followed by ca 1200 y of a gradual change towards colder and possibly drier conditions, perhaps interrupted by a short warmer period at ca 2000 y BP (Figs. 5 & 7) . The low Pediastrum accumulation rates after 2700 y BP indicate generally shorter and, colder summers, but not cold enough to reduce the vegetation to any significant degree until ca 1500 y BP (Fig. 8) .
In contrast to the quite dynamic and productive period 3200-2700 y BP, it seems as if the period between ca 1500 and 500 y BP was characterized by more or less opposite conditions: low sedimentation rates, low organic sedimentation (productivity), low concentration values and accumulation rates for both pollen, spores, and Pediastrum. This indicates that this period was characterized by a relatively cold and arid climate. According to the various parameters the climate seems to have "improved" somewhat since then (Figs. 5,7, & 8) .
Diatom stratigraphy
Most of the diatoms found, with exception of the taxa in the Stawoneis anceps-complex, were small species of the genera Achnanthes, Navicula, and Fragilaria. In Fig. 9 the distribution of the most common diatoms found in the material is shown. A life-fonn grouping was unnecessary because of the absence of planktonic diatoms, and the limited taxonomic and ecologic knowledge of many of the taxa present in this study makes a pH-grouping rather speculative.
Only freshwater species are present in the Midge Lake core, and cosmopolitan, aerophilic, and pH-indifferent taxa dominate. Fig. 9 shows, in the lowermost sample, a high Achnanthes species are mostly found attached U, a substratum (organic as well as inorganic), they are cosmopolitan, common in the littoral zone, and are usually classified as alkaliphilous or indifferent to pH, although some are found in acid waters. Gomphonema species are also known to occur attached to a substratum (mostly organic), and are mostly classified as alkaliphilous; some of them are found in aerial habitats (Beger 1927 , Krasske 1939 , Hustedt 1942 , Bock 1963 ). Navicula species are morphologically, as well as ecologically a variable group. Small taxa are dominant, especially Navicula seminulum, which lives in the littoral zone or in the sediment. Fragilaria species have been used for establishing water-level changes in lakes (see Gaillard 1984) and are common in the littoral zone. Stauroneis species are also found in this zone but can occur in most kind of waters; only Stauroneis var. hyalina Brun et Peragallo is classified as a nordic-alpine form. In fact, nearly all of the diatoms found here live in the littoral zone, but probably have different physical and chemical requirements. Several of the species found are also classified as aerophilic (Hantzschia amphiogs (Ehrenbg) Grunow, Diatomella balfouriana Greville, Navicula rnutica Kiitzing, N . contenta Grunow, Pinnularia borealis Ehrenberg), and acidophilous taxa (Eunotia praerupta Ehrenberg,) or as attached to submerged or terrestrial substrates (Achnanthes mollis Krasske, A. incognita Krasske, Anomoeoneis minor Krasske, Navicula tabellariaeformis Krasske, Gomphonema spp.).
Interpretation of the environmental conditions, as reflected by the diatom assemblages, is made difficult not only by the taxonomical and ecological uncertainty of several taxa but also because of the special environmental conditions appertaining to most Antarctic freshwater lakes: i) at least eight months ice-cover of the lakes each year, ii) the often desert-like catchment. Taxa introduced by seaspray or birds, on submerged brypophytes or derived from terrestrial habitats compose and complicate the diatom assemblages (cf. also Schmidt et al. 1990 ).
There is obviously a complex of environmental factors that determine the diatom assemblages and one of the main problems is to isolate these and to relate them to local/ regional climatic changes, say. For example changes in pH S. anceps "3", e. S. anceps "2".
might directly or indirectly be linked with climatic changcs and, although we do not present any pH-grouping or pHcalibration, it is worth mentioning that alkaliphilous forms increase from CQ 3200 y BP and reach a peak between the 90 and 70 cm levels, corresponding to an age of ca 2900-2700 y BP. Since this period coincides with the period of high accumulation rates of pollen, spores, Pediastrum, and sediment, we think this might also indicate a period of higher algae production, as a result of increased nutrient input from the catchment and/or a more favourable (=milder summers) climate for diatom production. Generally speaking we know that diatom assemblages can give us information about many physical-chemical environmental factors if we only know enough about the diatoms recent demands in today's Antarctic environment. It is certainly an area of research where much more effort is required before detailed conclusions can be drawn about the diatom assemblage changes we see in the Antarctic lake sediment sequences. This is especially urgent sincc diatoms are one of the few groups of fossils that seem to be abundant in all type of Antarctic lacustrine environments.
Conclusions
The pilot study of sediments from Midge Lake shows that the lake and its surroundings have experienced environmental changes during the last 4000 14C years. According to the bottom sediments the last deglaciation of Midge Lake occurred before 4000 y BP. A climatic optimum seems to have been reached ca 3200-2700 y BP, when summer climate (and possibly also wintcr) was both significantly milder and more humid than today. This may be explained by an increased influence of maritime air-masses from the north (as evidenced by increased airborne pollen from South America). Reports of glacier advances from this period (e.g. Fbbassa 1983 , Barsch & Mausbacher 1986 , Mausbacher et al. 1989 can be interpreted as a direct effect of the increased precipitation that the Midge Lake sediments seem to document. We also think it is possible to correlate this "optimum period" with Mausbacher et al, 's (1989) period of "overland flows", dated to 5000-4000 y BP, since we regard their radiocarbon chronology as somewhat debatable. Since ca 2700 y BP the climate seems to have undergonea gradual change to today's conditions, with possible pulses of both warmer (maritime), e.g. at ca 2000 y BP (Fig. 5 & 7) , and colder (continental) conditions. The data suggest that the most continental climate (colder and more arid) with the hardest conditions for biological life prevailed between ca 1500 and 500 BP. Since then conditions seem to have "ameliorated" somewhat.
In addition to the above we can conclude the following, general points, based on our experiences from lake sediments around the Antarctic Peninsula:
I) It seems difficult to obtain reliable 14C dates. We think most previous lake sediment studies in the region suffer from this problem, since most radiocarbon dates have been performed on bulk sediment samples. For this reason it is important to create a tephrachronology , constrained by I4C dating of moss remains. 2) By combining lithology and sediment accumulation rates, the terrestrial microfossil records (pollen and spores), algae analysis (mainly diatoms and Pediasaum), and in the future also sediment chemistry (cf. Mausbacher et al. 1989), it Seems feasible to reconstruct environmental changes in and around Antarctic lake basins. 3) It is necessary to refine the identification technique on Antarctic spores as well as to increase our knowledge on specific environmental demands of different algae (especially diatoms) in today's Antarctic lakes.
4) In spite of certain problems in analysing and interpreting
Antarctic lake sediments, the very few studies in this field of research so-far have at least been able to demonstrate the potential of this method to reconstruct past terrestrial and lacustrine environments. The power of the method and its ability to resolve details in palaeoenvironmental changes will hopefully be demonstrated in the near future.
